The vast majority of research on optic flow (retinal motion arising because of observer movement) has focused on its use in heading recovery and guidance of locomotion. Here we demonstrate that optic flow processing has an important role in the detection and estimation of scene-relative object movement during self movement. To do this, the brain identifies and globally discounts (i.e., subtracts) optic flow patterns across the visual scene-a process called flow parsing. Remaining motion can then be attributed to other objects in the scene. In two experiments, stationary observers viewed radial expansion flow fields and a moving probe at various onscreen locations. Consistent with global discounting, perceived probe motion had a significant component toward the center of the display and the magnitude of this component increased with probe eccentricity. The contribution of local motion processing to this effect was small compared to that of global processing (experiment 1). Furthermore, global discounting was clearly implicated because these effects persisted even when all the flow in the hemifield containing the probe was removed (experiment 2). Global processing of optic flow information is shown to play a fundamental role in the recovery of object movement during ego movement. Figure 1A shows the typical pattern of instantaneous retinal motion that results when an observer walks down a corridor. All parts of the scene are moving within the retinal image, including those elements that are actually stationary in the environment (e.g., the walls). However, the observer does not perceive the stationary scene elements to be moving; instead, the percept of a static corridor prevails. In deriving a percept of a static and rigid environment from a moving retinal image, the brain is solving the problem of perceptual stability [1] .
The vast majority of research on optic flow (retinal motion arising because of observer movement) has focused on its use in heading recovery and guidance of locomotion. Here we demonstrate that optic flow processing has an important role in the detection and estimation of scene-relative object movement during self movement. To do this, the brain identifies and globally discounts (i.e., subtracts) optic flow patterns across the visual scene-a process called flow parsing. Remaining motion can then be attributed to other objects in the scene. In two experiments, stationary observers viewed radial expansion flow fields and a moving probe at various onscreen locations. Consistent with global discounting, perceived probe motion had a significant component toward the center of the display and the magnitude of this component increased with probe eccentricity. The contribution of local motion processing to this effect was small compared to that of global processing (experiment 1). Furthermore, global discounting was clearly implicated because these effects persisted even when all the flow in the hemifield containing the probe was removed (experiment 2). Global processing of optic flow information is shown to play a fundamental role in the recovery of object movement during ego movement.
Results Figure 1A shows the typical pattern of instantaneous retinal motion that results when an observer walks down a corridor. All parts of the scene are moving within the retinal image, including those elements that are actually stationary in the environment (e.g., the walls). However, the observer does not perceive the stationary scene elements to be moving; instead, the percept of a static corridor prevails. In deriving a percept of a static and rigid environment from a moving retinal image, the brain is solving the problem of perceptual stability [1] .
An intimately related, although less well studied, problem concerns the assessment of scene-relative object movement during self movement. Unlike the other scene objects, the ball in Figure 1A is moving. It is falling vertically because of gravity; however, because of a component of retinal motion resulting from movement of the observer, the ball moves obliquely in the retinal image ( Figure 1A ).
Clearly, these problems are two sides of the same coin. In both cases the brain has to determine the appropriate scene-relative velocity (zero in the former case) of different parts of the world, in the face of a ''contaminating'' retinal motion component resulting from movement of the observer.
Recently, the flow parsing hypothesis [2] [3] [4] [5] has been suggested as a purely visual solution to these problems. It is proposed that the brain uses its well-documented sensitivity (e.g., [6] ) to the structured patterns of retinal motion that are characteristic of self movement (i.e., optic flow) to identify and globally discount (or subtract out) components of retinal motion resulting from self movement. Any remaining components of retinal motion can then be attributed to movement of elements of the scene. Figures 1B and 1C demonstrate this subtraction process. This hypothesis is a clear departure from the standard account of optic flow processing that emphasizes its role in heading recovery [7, 8] .
Previous studies testing the flow parsing hypothesis [2] [3] [4] [5] have used an approach in which stationary observers judge the perceived trajectory of a probe object while viewing optic flow patterns. The global subtraction process at the heart of flow parsing means that the perceived probe motion can be predicted. For example, when viewing the display in Figure 2A , containing a radial flow field and a vertically moving probe to the left of center, the probe should be seen to move upwards (the component resulting from physical, on-screen movement) but also toward the center of the display (the component resulting from subtraction of a global expanding radial flow component). We call this the relative tilt effect. Although data from all previous studies were compatible with flow parsing, the authors were unable to entirely rule out other accounts. For example, the pattern of perceived probe movement seen in Figure 2A is also consistent with the action of a local motion contrast mechanism [9, 10] , which compares and contrasts motion of the probe with the motion of nearby surrounding objects. The relative tilt effect could then be obtained because the local motion contrast mechanism signals that the probe is moving in the direction opposite to that of the surround. Alternatively, the effect might be a special case of the induced motion phenomenon (Duncker's effect [11] ) in which illusory motion is perceived in the opposite direction to the net motion of the background.
Here we undertake explicit and strong tests of the flow parsing hypothesis that simultaneously rule out other accounts. In experiment 1, we explore the relative contributions of local and global motion processing mechanisms and demonstrate that the local contribution is far too small to account for the relative tilt effects seen. In experiment 2, we demonstrate that when the possibility of local processing is removed, the relative tilt effect is still present, leading to some rather counterintuitive results that are nonetheless predicted by the flow parsing account.
Experiment 1
Stationary observers viewed patterns of optic flow consistent with forward translation of the observer through an abstract visual space: a cloud of limited lifetime dots (e.g., see Figure 2A) . This is a standard display used in studies addressing *Correspondence: paul.warren@manchester.ac.ukquestions regarding optic flow processing and visual assessment of ego movement (e.g., [8] and see Supplemental Data available online) because it represents a pure motion stimulus of a probe, which was 4 deg to either the left or right of a central fixation spot and primarily moved upwards.
Perceived trajectory was assessed by a modified ''tilt test'' [12] ; after stimulus presentation, we asked the observer to adjust the angle of a gauge (line) to match the perceived trajectory of the probe ( Figure 2B ). We refer to the angular difference between the perceived trajectory of the probe and the onscreen trajectory as the relative tilt (see Supplemental Experimental Procedures).
In the ''Full'' condition, the radial flow field occupied the whole display ( Figure 3A ) and the results are represented by the horizontal dashed lines in Figures 3B and 3C ( Figure 3B shows the results for the composite observer obtained by averaging over all participants, Figure 3C shows data for a single representative participant). The relative tilt in this condition averaged over all participants was around 34 degrees.
In the Full condition, the discrepancy between the physical and perceived trajectories (the relative tilt) could be attributed to either a global optic flow parsing process or a local process, which examines motion information over a nearby neighborhood (see above).
To assess the contribution of local and global processing, observers also saw a ''Local'' and ''Global'' condition (Figure 3A) . In the first of these, the flow was presented only inside a circular aperture immediately surrounding the probe. In the second, the flow was presented only outside the circular aperture. In both cases the aperture radius was varied between trials. (B) It is proposed that the flow parsing mechanism identifies and subtracts the optic flow associated with observer movement. For the movement in (A), this is equivalent to adding the motion field shown. Note that one of the vectors in the motion field is ringed-this is the vector to be added at the location of the ball.
(C) Perceived motion under the flow parsing hypothesis-i.e., the result of adding the motion field in (B) to that in (A). Note that the mechanism has solved the problem of perceptual stability (walls, floor, and ceiling are perceived as stationary) and the physical trajectory of the ball has also been recovered.
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Perceived trajectory (A) Schematic illustration of the radial flow field stimulus used. The dots in the flow field (which had no relative disparity and were fixed in size) contained no relative disparity or relative size information and so formed a cloud of points of light through which we simulated movement of the observer. The probe is also shown together with the predicted perceived direction under the flow parsing hypothesis. Note that because of the probe position, a primarily leftward component of motion should be subtracted from the probe motion-consequently the predicted perceived probe trajectory tilts rightwards toward the center of the display.
(B) The observer was asked to set the orientation of an adjustable paddle so that it matched the perceived mean linear trajectory of the probe. The discrepancy between the onscreen probe motion and the perceived probe motion was used to determine the relative tilt (see Supplemental Experimental Procedures).
The results for these conditions are shown in Figures 3B and 3C as a function of the aperture radius. The Local data (circles in Figures 3B and 3C ) suggest that the relative tilt in the Local condition is considerably smaller than in the Full condition. For the range of aperture sizes tested, the magnitude of the relative tilt effect in the local conditions is between 25% and 50% of that seen in the Full condition. It appears that as the radius of the aperture in the Local condition increased, the relative tilt also increased (although see the Supplemental Data for further discussion).
The data for the Global condition (squares in Figures 3B and  3C ) indicate a considerably larger contribution to the relative tilt effect. Relative tilt in this condition is around 75%-85% of that seen in the Full condition. Furthermore, there appears to be little effect of aperture size on the relative tilt.
This interpretation of the Local and Global data was tested in a two-factor (aperture width 3 field type) repeated-measures ANOVA. The larger relative tilt in the Global condition was reflected in a significant main effect of field type (F(1, 6) = 37.2, p < 0.01). The fact that relative tilt in the Local and Global conditions showed a different pattern of dependence on aperture width was reflected in an interaction between field type and aperture width (F(3, 18) = 5.6. p < 0.01). Further analyses, including the results of a regression analysis (straight lines in Figure 3B ) are presented in the Supplemental Data.
The results of experiment 1 provide clear evidence against the proposal that the relative tilt effect is dependent solely on local processing; local motion can account for only a fraction of the effect observed. The data indicate that a global processing mechanism such as that proposed under the flow parsing hypothesis is the major cause of the relative tilt effects seen.
Experiment 2
In the previous experiment, we removed a portion of the flow field to test for the presence of global processing; here we undertake a more severe test by removing an entire hemifield of the optic flow display. If a global mechanism is implicated, then we should obtain a relative tilt effect consistent with the presence of a full optic flow field, even when the probe is in the opposite hemifield to the flow ( Figure 4A ; ''Opposite'' condition).
In fact, we can make an even stronger prediction. Note that the removal of a portion (here half) of the flow field, even that portion immediately neighboring the probe, should not impact on the brain's identification of the radial flow pattern and the subsequent global subtraction process. Note also that for a radial flow field (i.e., the pattern arising when an observer translates forward, e.g., Figure 1A) , speed in the image increases with eccentricity. Therefore, if the brain is tuned to identify and globally discount retinal motion resulting from forward translation, then a larger component of motion should be subtracted from the probe when it is in a more eccentric position and a larger relative tilt effect should then be seen. Consequently, we predict that even when the probe is placed in the empty hemifield, the relative tilt will increase with eccentricity, i.e., when the spatial separation between the probe and the flow increases, so will the magnitude of the relative tilt effect.
This prediction is counterintuitive and stands in direct violation of Gogel's adjacency principle [13] , which states that there should be ''decrease[d] perceptual interaction between objects as they are increasingly isolated from each other in either depth or direction.'' Consequently, finding data in line (B and C) The results of this experiment for the composite observer (obtained by averaging over all participants) and a representative observer, respectively. The flat dashed line corresponds to the mean effect for the Full condition and the shaded region denotes 61 SE. Error bars also represent 61 SE. These data indicate that the relative tilt effect appears to be largely driven by a global mechanism such a flow parsing, with a considerably smaller contribution from local processing. The data in (B) were also fit by linear regression (straight lines). This analysis is described in the Supplemental Data.
with this prediction would offer particularly strong support for the flow parsing hypothesis. Figures 4B and 4C show the results obtained when the probe was at 2 deg or 4 deg eccentricity and for each of three flow conditions (Full, Opposite, Same), in which, respectively, the flow field was present over the whole display, just in the opposite hemifield to the probe, or just in the same hemifield as the probe ( Figure 4A ). The data in the Full condition provide a baseline showing the relative tilt effects occurring when the entire flow field is present. Note that the relative tilt in the 4 deg probe eccentricity condition is considerably smaller than that seen in experiment 1. This is expected because the simulated observer movement in this experiment was considerably slower than that in experiment 1 (see Supplemental Experimental Procedures).
As predicted, the data in the Opposite condition indicate the presence of a significant relative tilt effect even when the flow and the probe are spatially isolated. In addition, there is an increase in relative tilt with probe eccentricity, i.e., the effect increases as the distance between the probe and the flow in the opposite hemifield increases.
By comparing the data in the Opposite condition with that in the Full condition, it can be seen that the contribution of the global mechanism to the relative tilt effect is larger than that of any local mechanism. More precisely, it appears that the global mechanism accounts for around 60%-70% of the effect seen in the Full condition. This is broadly in agreement with the findings of experiment 1.
Finally, it is worth noting that in the ''Same'' condition, the relative tilt effect is very similar to that seen in the Full condition. This result indicates that the effect is relatively insensitive to the amount of motion information in the display. Provided that there is sufficient global motion information present, the flow parsing mechanism will attempt to carry out a global subtraction of optic flow arising because of self movement.
The interpretation described was assessed in a two-factor (field type 3 eccentricity) repeated-measures ANOVA. The increase in relative tilt as a function of eccentricity was reflected in a significant main effect of eccentricity (F(1, 6) = 27.8, p < 0.01). Furthermore, the difference in relative tilt for different flow field conditions was consistent with a significant main effect of flow field condition (F(2, 12) = 16.1, p < 0.001). However, there was no interaction between these factors (F(2, 12) = 2.0, p = 0.18), indicating that the increase in relative tilt with eccentricity was maintained in the Opposite condition (t(6) = 4.47, p < 0.01). Further analyses are presented in the Supplemental Data.
Discussion
Summary
We have presented strong evidence for the existence of a purely visual mechanism, exhibiting global processing characteristics, which identifies and discounts retinal motion arising because of observer movement. Because the influence of a global subtraction process was demonstrated in both experiments, we can rule out the hypothesis that identification of object movement relies solely on a local motion contrast (B and C) The results of this experiment for the composite observer (obtained by averaging over all participants) and a representative observer, respectively. Error bars represent 61 SE. Note that the relative tilt effect seen in the Opposite condition (diamonds) is qualitatively similar to that seen in the Same (squares) and Full (circles) conditions. This result suggests that flow parsing can occur even when a probe object is spatially isolated from optic flow in the scene. The effect is seen to increase with eccentricity regardless of the flow field condition. In the Opposite condition, this is a direct contradiction of the adjacency principle [13] . The magnitude of the effect in the Opposite condition appears to be around 60%-70% of that in the Full condition.
mechanism. The results of the two experiments presented here indicate that the effects seen are, in fact, largely due to global processing with a smaller contribution attributable to any local mechanisms.
Local Motion Contrast and Induced Motion
The counterintuitive results of experiment 2 provide particularly compelling support for the flow parsing account. To our knowledge, these results are incompatible with any local motion processing mechanism. Furthermore, note that in the Opposite condition of experiment 2, because of the presence of a prevailing net motion signal, an induced motion account would suggest that the probe should be perceived to move away from the center of the display and not toward the center as was shown in Figure 4 [11] . As a consequence, it is difficult to think of another account that could explain the data presented as parsimoniously as the flow parsing hypothesis.
Potential Neural Substrates
It is well established that the primate brain is sensitive to the structured, global patterns of optic flow required to undertake flow parsing. Convergent evidence for this has arisen from studies in neurophysiology [6, 14, 15] , psychophysics [8, [16] [17] [18] (see particularly relevant work by Snowden and Milne [16] and Bex and colleagues [17] for evidence of extended global motion detectors), and also functional neuroimaging [19, 20] .
In particular, single-cell recordings in primate brain have revealed that the medial superior temporal area (MST) is likely to be involved in optic flow processing [15] . Within MST, it appears that the most dorsal portion is particularly sensitive to (and thus specialized for) analyses of optic flow patterns associated with ego movement [21, 22] . In contrast, the ventrolateral portion of primate MST (MSTl) is thought to be specialized for analysis of object motion in the scene [22] . This distinction between sensitivity for self and object movement makes this region a natural candidate for processing to support the global flow parsing mechanism described in this study. Further neuroimaging [23] and neurophysiology [24] studies have also implicated other neural regions (such as V7a, VIP, and CSv) in the analysis of optic flow information. It is possible that these also play a role in the flow parsing mechanism.
Visual versus Nonvisual Solutions
Much research has focused on the ability of humans to account for their own movement when judging the movement of other objects in the scene. In particular, Wallach [1] and Gogel [25] provided important results on this matter. More recently, a number of related studies with virtual display technologies have also investigated perceptual stability in humans [26] [27] [28] [29] . The majority of this research has focused on the contribution of nonvisual information to perceptual stability, with observers undertaking real movements. Parallel research has focused on compensation for eye movements so that scene-relative motion can be assessed [30, 31] .
We consider research on flow parsing as complementary to these studies. Although nonvisual information contributes to an estimate of observer movement and consequently can aid in recovery of scene-relative object movement, there are many circumstances in which this information does not specify observer movement. For example, when sitting in a car traveling at a constant velocity, one is unlikely to obtain any useful information regarding self movement from proprioceptive, efferent motor command, or vestibular information. In such circumstances, the link between both proprioceptive and efference copy information and movement of the observer is broken and vestibular information is limited because of the constant speed of movement. Yet, in this scenario observers appear able to assess what is moving and what is stationary in the scene, an ability that is particularly critical when driving. Consequently, there must be another solution to the problems of perceptual stability and object movement recovery that does not break down in such circumstances. We suggest that this solution is provided by optic flow parsing.
Recent neurophysiological research has suggested that visual and nonvisual information are combined in order to assess self movement [32] . Consequently, assessment of the relative contributions of visual and nonvisual mechanisms to solving the problems of perceptual stability and object movement recovery is a natural topic for future research.
Flow Parsing without Vection
In pure motion displays, such as those used in the present study, direction of self movement, or ''heading,'' can be estimated within 400 ms [33] . In contrast, it may take up to 30 s for a sensation of self movement, or ''vection,'' to build up [34] . Therefore, even though flow parsing appears to involve identification of components of retinal motion resulting from self movement, it does not require a percept of self movement. We take this as evidence that flow parsing is an early perceptual process that does not require the observer to experience higher level effects such as vection.
Conclusions
Several roles have been hypothesized for the processing of optic flow in the human brain. For example, it has been implicated in the recovery of surface shape [35] , control of posture [36] , and stabilization of gaze during ego movement [37, 38] , to name but a few. However, by far the dominant theory is that optic flow is used for the guidance of locomotion toward a target of interest [7, 8] (although see [39] for evidence that this is not the case).
The problems of perceptual stability and assessment of scene relative object movement are ubiquitous, and it is vitally important for an observer to solve them in order to successfully and safely interact with the environment. Flow parsing [2] [3] [4] [5] offers a solution to these problems and this study presents compelling evidence that the brain implements this solution, providing a new and important explanation for our sensitivity to optic flow.
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